Résumé. 2014 
Abstract. 2014 ESR experiments have been performed on phosphorus-doped silicon with concentrations ranging from 1.9 x 1017 cm-3 to 2.8 1018 cm-3 at 1.4-4.2 K and 100 GHz. The peak shift of the central ESR line with respect to the center of the two hyperfine lines has been investigated as a function of donor concentration, temperature, and microwave power. In general, it consists of a microwave power-dependent part and of a microwave power-independent one.
The former part is interpreted in terms of the Overhauser effect ; the latter one is due to an asymmetry of the spectrum, understood on the basis of a new model proposed by one of the authors, which takes into account the clustering of nearby donors according to the exchange interaction between their electronic spins, and the hyperfine interaction with 31P nuclei. [1] . In this paper we are concerned with the peak shift of the central Electron Spin Resonance (ESR) line of phosphorus doped silicon, with concentrations just smaller than 3. 5 x 1018 cm-3, at which the metal-non metal transition occurs. According to previous studies [2, 3] [2, 3] . However, several authors [4, 5] have shown that the interaction between individual electronic spins is antiferromagnetic and the origin for such a ferromagnetic exchange between donor clusters was not clear. The purpose of this work is to clarify the origin of the peak shift of the central ESR line by extending the previous measurements at 46 GHz [2] to the higher frequency of 100 GHz, at which we may expect a better resolution of the spectrum and a larger polarization of the electronic spins.
As a result of the present measurements and also of further ones at 46 GHz [6] it has been found that the peak shift can be divided into two parts, one of which depends on the microwave power and the other is independent of it. The power-dependent peak shift arises from the appearance of the nuclear field as a result of the nuclear polarization due to the Over-(*) On tion derivatives measured at 100 GHz, in the low power limit. For example, figure la shows a typical example of the spectrum observed in a sample with which is to be compared with the figure 1 b taken at 46 GHz [6] .
Previous experiments had not studied the influence of microwave power on the shape of the resonance spectrum : the present experiments and new experi-ments at 46 GHz [6] have shown that the peak shift depends on microwave power. In figure la the microwave power is about 0.15 mW and the shift from the center of the HFS lines (AH ----15 Oe) is enhanced by a factor 1.5 in comparison with the shift observed in the low power limit. The dependence of the peak shift on the microwave power at 46 GHz can be seen in figure 2 [6] . At [10] . As will be discussed in the next section, these power-dependent effects are attributed to dynamic polarization of 31p nuclei in presence of saturation of the electronic resonance line. (after ref. [6] ).
Thus we have measured the magnitude of the shift of the peak position at microwave levels as weak as possible. The low power limit shift is plotted as a function of donor concentration in figure 3 as well as that measured at 46 GHz [6] . As seen from this figure, it is confirmed that the peak shift depends on the microwave frequency, that is to say on the resonant magnetic field, and also on the donor concentration as previously pointed out. It also depends on temperature as shown in figure 4 , where results taken at 46 GHz [11] are also shown.
However, a carefui study of ESR line shapes has shown that, even in the low power limit, the central [13] and H. = + 21 Oe for 31P, using the electron density of the donor electron localized at the donor impurity [14] .
The nuclear polarization, P, enhanced through the Overhauser effect is given by [15] where Wn, kB, T and Ye designate respectively the resonance frequency of the nuclear spin, the Boltzmann constant, the temperature and the gyromagnetic ratio of the electron spin ; when kB T is greater than the electronic Zeemann energy, s' is equal to the saturation factor, s, which is given as follows for the homogeneous broadening case :
where Tl, T2 and Hi designate the spin-lattice relaxa- by a recent double resonance experiment at 46 GHz [6] . Next, we consider the low power limit peak shift illustrated in figure 3 ; A preliminary attempt [2] to explain this shift has been made in the framework of a molecular field approximation; in this attempt, the peak shift is deduced by assuming that there exists an exchange interaction between donor clusters. Although the hyperfine interactions with 31P and 29Si nuclei are neglected in this calculation, so that no shift is expected in this framework, the peak shift may be obtained on the basis of the moment method, by considering that each donor cluster spin has a slightly different effective g-value arising from the different natures of donor clusters ; these differences may be due to the differences between the sizes of the donor clusters and the strength of the exchange coupling within the clusters. In addition, Ginodman et al. [3] have derived the peak-shift by using the moment method and taking into account weak exchange interactions between donor clusters, and the hyperfine interaction with 31P nuclei.
However, in both interpretations, we must assume that the exchange interaction between donor clusters is of the ferromagnetic type in order to understand the direction of the peak shift to the low magnetic field side. This sign of the exchange interaction seems difficult to understand. It is an essential difficulty for this phenomenological interpretation of the peak shift.
(') The magnitude of Tl for Si : P has been measured at 9 GHz by Feher and Gere (at 1.25 K) and also by Maekawa and Kinoshita (at 1.25 K) [5, 16] . Their magnitude of Tl is 10-4 s for
We have no direct measurements for T2 at 9 GHz for However Chiba and Hirai [17] have calculated T2 --2 x 10-8 s, from their steady state spectra, by using the experimental data of Tl at 1.6 K.
Recently, an alternative model has been proposed by one of the authors [7] A detailed account of this model is described elsewhere [7] . The observed spectrum at 1.4 K is compared with the result of the calculation in figure 5 
